ABSTRACT: Not only is alumina the most widely used catalyst support material in the world, it is also an important catalyst in its own right. One major chemical process that uses alumina in this respect is the industrial production of methyl chloride. This is a large scale process (650 000 metric tons in 2010 in the United States), and a key feedstock in the production of silicones that are widely used as household sealants. In this Account, we show how, in partnership with conventional spectroscopic and reaction testing methods, inelastic neutron scattering (INS) spectroscopy can provide additional insight into the active sites present on the catalyst, as well as the intermediates present on the catalyst surface. INS spectroscopy is a form of vibrational spectroscopy, where the spectral features are dominated by modes involving hydrogen. Because of this, most materials including alumina are largely transparent to neutrons. Advantageously, in this technique, the entire "mid-infrared", 0−4000 cm
■ INTRODUCTION
Alumina is ubiquitous in heterogeneous catalysis, where it is used as an actual catalytic material or as a catalyst support material. 1 As a consequence of its ready availability, structural stability, and ability to be prepared in a variety of pore size distributions, alumina is the most widely used catalyst support material. 2 The interaction of methanol with alumina has been extensively studied for many years, not least because alumina is one of the components for the industrial methanol synthesis catalyst. However, the interaction of methanol with alumina is also important in the industrial scale manufacture of methyl chloride, 3 where methanol and hydrogen chloride are combined over high surface area alumina catalysts, for example, γ-alumina:
Methyl chloride is a large scale commodity chemical: demand in the USA in 2010 was estimated to be 650 000 t. The compound is used in many processes, but the bulk is used for the production of methyl chlorosilanes, which are intermediates in the production of silicones.
In this Account, we show how, in partnership with conventional spectroscopic and reaction testing methods, inelastic neutron scattering (INS) spectroscopy 4 can provide additional insight into the active sites present on the catalyst and the intermediates present on the surface.
■ INS SPECTROSCOPY
Inelastic neutron scattering spectroscopy is a form of vibrational spectroscopy that is complementary to infrared and Raman spectroscopies. The key difference between vibrational neutron spectroscopy and infrared and Raman spectroscopies is that the neutron has mass, in contrast to a photon; thus an inelastic scattering event results in a significant transfer of both energy (ω, cm (2) where ω i is the ith mode at frequency ω, n = 1 for a fundamental, 2 for a first overtone or binary combination, 3 for a second overtone or ternary combination, etc., Q is the momentum transfer, U i is the root-mean-square displacement of the atoms in the mode, and σ is the inelastic scattering cross section of the atom. The exponential term in eq 2 is a Debye− Waller factor, U Tot is the total root-mean-square displacement of all the atoms in all the modes (both internal and external), and its magnitude is in part determined by the thermal motion of the molecule. This can be reduced by cooling the sample, so INS spectra are typically recorded below 30 K, as were all the spectra shown here. The cross section, σ, is both element-and isotope-dependent, and for 1 H, it is almost 2 orders of magnitude larger than for most other species. Further, since it is also the lightest isotope of the lightest element, it has the largest amplitude of vibration; these two factors combine so that while there are no selection rules for INS spectroscopy, there is a strong "propensity rule" such that in hydrogenous materials, modes that involve motion of hydrogen will dominate the spectrum.
In the work described here, two INS spectrometers at the ISIS Facility 5 are used: TOSCA and MARI. These instruments are complementary, TOSCA has a fixed path through (Q,ω) space and provides good resolution in the 0−1600 cm −1 region, while MARI can observe both Q and ω independently and so provides a map of (Q,ω) space. It also enables observation of the 1600−4000 cm −1 region, unhindered by the electrical anharmonicity that complicates infrared spectroscopy in this region.
■ CHARACTERIZATION OF ACID SITES ON

η-ALUMINA
Large scale hydrochlorination of methanol can be achieved over solid acid catalysts, with η-alumina being one such catalyst. The surface acidity of η-alumina was determined by a combination of infrared spectroscopy and volumetric and gravimetric adsorption experiments using pyridine as a probe molecule. 6 The results are shown in Figure 1 ; four Lewis acid sites are detected: weak, medium-weak, medium-strong, and strong. All the sites have a coordinatively unsaturated aluminum ion present; however, the coordination number of this ion and its neighbors varies with the type of site, and an adjacent hydroxyl has a progressively lower coordination number as the acid strength increases, 3 → 2 → 1 → 0.
While infrared spectroscopy of the bands of adsorbed pyridine in the 1400−1650 cm −1 range and the corresponding changes in the O−H stretch region were the key technique to characterize the different sites, the same sample was also investigated by INS spectroscopy. The aim was to investigate whether some of the low frequency modes of adsorbed pyridine, which are inaccessible via infrared spectroscopy, could be used to probe local acidity functions. Figure 2a shows the INS spectrum of pyridine, where distinct bands below the ∼1400 cm −1 infrared cutoff of alumina are evident. The spectrum of a pyridine overlayer (896 μmol of pyridine g −1 ) on activated η-alumina is shown in Figure 2b . With reference to the volumetric adsorption isotherm, this amount of pyridine retention by the catalyst involves a substantial physisorption component, so unsurprisingly, the overlayer spectrum is similar to the reference spectrum. However, the ν 6a (A 1 ) mode at 605 cm −1 is absent in the spectrum of the adsorbed overlayer. Additionally, a weak but distinct feature at 440 cm −1 is also evident in Figure 2b . The overlayer was then warmed to 473 K in a continuous stream of helium, and the spectrum was recorded (Figure 2c) . From previous work, 6 it is known that this treatment will eliminate physisorbed pyridine, the chemisorbed pyridine residing in all of the weak Lewis acid sites, and ∼35% of that in the medium Lewis acid sites. Thus, Figure 2c corresponds to the INS spectrum of pyridine residing in predominantly medium and strong Lewis acid sites.
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The spectrum of adsorbed pyridine is usually discussed just in terms of the bands in the 1400−1650 cm −1 region. However, there is extensive literature on the vibrational spectra of coordination complexes of pyridine, 7 and the extended spectral range that INS enables means that these additional modes are accessible. Table 1 compares the transition energies of liquid pyridine 8 with those of pyridine chemisorbed in the strong site. The ν 19b (B 2 ), ν 19a (A 1 ), and ν 8a (A 1 ) modes are diagnostic of the strength of the interaction, particularly the ν 8a (A 1 ) mode, which undergoes a large shift. However, it is apparent that the lower energy modes are potentially equally diagnostic because the shifts for ν 16b (B 1 ) and ν 6a (A 1 ) modes are almost as large as that seen for the ν 8a (A 1 ) mode.
Finally, the absence in Figure 2b ,c of any obvious relative intensity enhancement of the ν 18b (B 2 ) in-plane C−H deformation about 1060 cm −1 confirms the absence of substantial Brønsted acidity for this catalyst because this feature dominates the INS spectrum of the pyridinium ion, Figure 2d .
Collectively, these results demonstrate that the INS spectrum of an adsorbed probe molecule offers some potential in evaluating surface acidity. It is complementary to the infrared spectrum, and the two very different methodologies provide the full vibrational spectrum of the chemisorbed base. Figure 3 shows the INS spectrum 9 of η-alumina after activation by heating in flowing helium at 623 K for 150 min recorded using the MARI spectrometer operating at incident energies (E i ) of 4840 and 1290 cm . Spectral resolution on this instrument is related to the incident energy selected (∼2% E i ), so recording spectra over two energy ranges means reasonable resolution can be maintained over a wider spectral range than that obtainable at a single energy. 10 A broad feature that spans 3600−3800 cm −1 with a maximum at 3676 cm −1 is assigned to the O−H stretch of hydroxyl groups present at the alumina surface. The peak at 905 cm −1 is assigned to the deformation mode of surface hydroxyl groups. This mode is generic to all hydroxyls. However, for the terminal hydroxyl group associated with the medium-strong site as depicted in Figure 1c , this feature represents an in-plane hydroxyl deformation, δ OH . The intense feature at ∼200 cm −1 is assigned to the out-of-plane deformation of surface hydroxyl groups, γ OH . This mode approximates to a torsional motion of the hydroxyl group. Such modes normally yield intense features in INS spectra. It is noted that the δ OH and γ OH modes of alumina are not normally observable by infrared spectroscopy. and γ OH at 210 cm −1 . After reaction with HCl, Figure 4b ,b′, there is some attenuation of the γ OH feature at 210 cm −1 , and changes are apparent in the δ OH region, particularly around 1000 cm −1 , indicating a shift to higher wavenumber for this feature, and a band appears at 1630 cm is also discernible; this is assigned to the librational modes of water, and the 1630 cm −1 peak is assigned to the water scissors mode.
The changes are consistent with the known chemistry of HCl on alumina:
Equation 3 involves the dissociation of HCl onto aluminum oxygen pairs forming new hydroxyl groups and Al−Cl species. Equation 4 is similar in that it also proceeds via dissociative adsorption of the HCl but with a hydroxyl exchange mechanism, where chlorine replaces a surface hydroxyl group coordinated to an aluminum ion, and generation of water. Infrared spectroscopy of this system had shown that the medium-strong site (Figure 1c) was interacting with the HCl as shown in Figure 5a . The INS spectrum is consistent with this process because it shows loss of the γ OH mode at 210 cm −1 and formation of water (librational modes at ∼550 cm
−1
). There must also be loss of intensity in the δ OH region, and this is seen as the negative-going feature at ∼900 cm . Interestingly, such a transformation leads to the regeneration of an active site, and due to the increased electronegativity of the chlorine relative to a hydroxyl group, the newly generated Lewis acid site will be more acidic than the original. This suggests that chlorination via HCl should lead to enhanced Lewis acidity.
Temperature-programmed reaction studies 9 had shown that all four Lewis acid sites interacted with HCl. Figure 4c shows that there is generation of new hydroxyl sites as well as the loss of the terminal hydroxyls. Since only one split band is observed, this means that it must be 3-fold coordinated hydroxyl, because both terminal and 2-fold bridging hydroxyls will have an inplane bending mode near 900 cm −1 and an out-of-plane bend at Figure 5b shows a process that would be consistent with the observations: the site approximates the weak Lewis acid site, Figure 1a , although in this instance the bridging oxygen atom is not bonded to a hydrogen. The hydroxyl group exhibits pseudo-C 3v symmetry for which the deformation mode is doubly degenerate; however, under the pseudo-C 3v symmetry encountered at this site, the degeneracy will be partially lifted, leading to two peaks as observed.
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A feature of neutron spectrometers such as MARI, is that the measured neutron intensity, S(Q,ω), is a function of both energy (ω, cm −1 ) and momentum (Q, Å
−1
). 4, 10 This capability can be exploited to determine whether a particular vibrational feature is a fundamental mode (n = 1) or whether it corresponds to a higher order transition (n ≥ 2). 11 In the present instance, the maximum of the S(Q,ω) versus Q plot (dS(Q,ω)/dQ ≈ 0) for the feature at ∼900 cm −1 occurs at relatively low Q (∼8 Å −1 ), confirming that this is a fundamental, whereas an n ≥ 2 transition would be expected at Q ≥ 11 Å −1 . (The precise value at which the maximum in S(Q,ω) occurs is system dependent; however, it is typically 5−8 Å −1 , and an n = 2 transition will occur at a value that is √2 larger).
■ THE INTERACTION OF METHANOL WITH
η-ALUMINA Figure 6 shows a comparison of the INS spectra of solid methanol, chemisorbed methoxy, and a model compound, Al(OCH 3 ) 3 . 12 In all three spectra, the intense structured feature below 400 cm −1 is due largely to the methyl torsion. For methanol, Figure 6a , the complex band shape at 690−780 cm −1 is assigned to the out-of-plane O−H bend (γ OH ). In the low temperature α-phase of methanol, 13 there are four molecules in the unit cell; thus factor group splitting is observed. The two other major features, at 1150 and 1450 cm −1 , are assigned to the methyl rock (ρ CH 3 ) and a mode resulting from the overlap of methyl deformation modes (δ CH 3 ) and the in plane O−H bend, respectively. Figure 6b shows the INS spectrum resulting from the reaction of methanol with η-alumina at 300 K. It is clearly different from that of solid methanol, as indicated by the absence of the out-of-plane O−H bend at 690−780 cm −1 and strongly resembles the spectrum of the model compound Al(OCH 3 ) 3 , Figure 6c . The relatively weak spectrum is indicative of the low density of active sites present on the η-alumina surface. The spectrum is characterized by the intense CH 3 torsion at 84 cm −1 (τ CH 3 ), the CH 3 rock at 1170 cm −1 and the CH 3 deformation modes at 1460 cm −1 and is assigned to chemisorbed methoxy species, formed from the dissociative adsorption of methanol. The differences between spectra b and c in Figure 6 are the result of the three interacting methoxy groups in Al(OCH 3 ) 3 , whereas the low density of active sites on the η-alumina surface means that the surface methoxy groups do not interact with one another.
Periodic density functional theory calculations of methoxy on the (110) η-alumina surface confirm the assignment to adsorbed methoxy. The calculations are based on the structure shown in Figure 7 , which is an idealized structure with all the oxygen atoms in tetrahedral sites and the aluminum present only in tetrahedral and octahedral sites. This simplifies the . This results in little proton motion and is barely detectable in Figure 8a . The weak feature at 1264 cm −1 is a combination between the methyl rock and the torsion.
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One of the problems associated with methyl chloride synthesis, eq 1, is that dimethyl ether, CH 3 OCH 3 , is formed as an unwanted byproduct, eq 5:
Infrared spectroscopy 14 and temperature-programmed reaction studies 15 show that dimethyl ether is formed over the same temperature range as methyl chloride, implying that the same reactive methoxy species are involved in both processes. Figure  9a shows the INS spectrum obtained after adsorption of excess methanol on η-alumina followed by subsequent heating to 473 K in an isolated cell. A reference spectrum of solid dimethyl ether is presented in Figure 9b . In the region 1100−1600 cm −1 , Figure 9a is broadly similar to that of adsorbed methoxy, Figure  6b , since both methanol and dimethyl ether share common structural motifs. However, distinct bands at 218, 260, and 420 cm −1 are present in Figure 9a but absent in Figure 6b . By comparison to the reference spectrum, Figure 9b , these bands ≈ 417 + 62 cm −1 ). Its absence in Figure 9a indicates that the dimethyl ether is disordered on the surface, which is confirmed by the unstructured appearance of the external modes in the 0− 200 cm −1 region of Figure 9a , in comparison to the sharp, welldefined modes present in the same region in Figure 9b . Thus, Figure 9a can be explained in terms of formation of dimethyl ether from the dimerization of surface methoxy species.
The diffuse reflectance infrared spectrum of a chemisorbed layer of methoxy on η-alumina is shown in Figure 10 . All of the features are readily assigned to methoxy, except the band at ∼2600 cm −1 . Two possible assignments were to either methoxy or a second surface species.
The operating principle of TOSCA means that modes at >1600 cm −1 are usually very difficult to observe, in contrast with MARI where these are straightforward.
10 Figure 11 presents the neutron scattering intensity as a function of energy transfer and momentum transfer for the chemisorbed overlayer.
The need for a large sample and consequently its container has resulted in some shadowing of the detectors, such that the momentum transfer range available is restricted. Summing only the detectors in the range 0−15 Å −1 for the saturated chemisorbed overlayer of methoxy on η-alumina and also for Al(OCH 3 ) 3 generates the spectra shown in Figure 12 . The C− H stretch at 2950 cm −1 (ν CH 3 ), methyl deformations at 1460 cm −1 (δ CH 3 ), and methyl rock at 1165 cm −1 (ρ CH 3 ) are apparent; however, a weak feature at ∼2600 cm −1 is also present in both spectra, as seen in the infrared spectrum, Figure  10 . The transition energy would suggest that it is a combination mode of the rock + deformations (1156 + 1459 = 2615 cm −1 ), and this is confirmed by the momentum transfer dependence of the mode. Figure 13 shows the Q-dependence of the modes at 1186, 1456, and 2630 cm −1 for the chemisorbed methoxy sample. The poor signal-to-noise ratio reflects the small amount of sample present, and the shadowing of the detectors restricts the useful Q-range; however, it is clear that the fundamentals, 1186 cm −1 (C−H rock) and 1456 cm −1 (C−H deformations), peak at a lower Q than the 2630 cm −1 mode, showing that this latter feature is indeed a higher order process. Applying the same method to the Al(OCH 3 ) 3 data confirms this conclusion.
■ CONCLUSIONS
The chemistry of methanol on η-alumina is summarized in Figure 14 . This represents the results from many techniques in addition to INS spectroscopy, and it is reiterated that a multitechnique approach is crucial to successful investigations.
Nonetheless, the advantages of INS spectroscopy have proven to be crucial in developing our understanding of this industrially important process. In particular, the specificity toward hydrogen and the access to modes that lie below the alumina cutoff in the infrared spectrum at ∼1100 cm −1 , which include the Al−O−H deformation modes, the methoxy methyl rock, and torsion, were essential in order to characterize the surface chemistry. While infrared spectroscopy of adsorbed pyridine will undoubtedly continue to be a key method for the determination of surface acidity, the shifts for the ν 16b (B 1 ) and ν 6a (A 1 ) modes at 406 and 605 cm −1 are almost as large as that seen for the ν 8a (A 1 ) mode at 1582 cm −1
. Thus, there is the potential to provide complementary information.
All techniques have disadvantages as well as advantages, and INS spectroscopy is no exception. The three most serious are For new materials this can be a problem; however, for industrial catalysts, the averaging inherent in a large sample means that concerns about representative sampling are greatly reduced. Generally, samples are prepared at or above room temperature and then cooled to the measurement temperature, so, in essence, we are taking snapshots along the reaction profile. However, recent work has demonstrated that with careful experimental design and an appropriate choice 10 of spectrometer type, it is feasible to study reactions under in operando conditions at room temperature. 19 The spectroscopic evidence demonstrates that there is only one intermediate present on the η-alumina surface and that is methoxy. As a result of initiatives at the industrial complex, it proved possible to modify the surface properties of the catalyst so as to drastically reduce the amount of dimethyl ether produced and the attendant cost of recycling it back to methanol. This a clear example where an understanding of the chemistry at the molecular level has helped rationalize improvements in a large scale industrial process with both financial and environmental benefits.
